The percentages of pyruvate dehydrogenase complex (PDH) in the active form (PDHa) in two lipogenic tissues (liver and brown adipose tissue) in the fed state were 12.00% and 13.40% respectively. After acute (0.5 h) insulin treatment, PDHa activities had increased by 77 % in liver and by 234 % in brown fat. Significant decreases in PDHa activities were observed in both tissues by 5 h after the removal of food. The patterns of decline in PDHa activities in the two lipogenic tissues were similar in that the major decreases in activities were observed within the first 7 h of starvation. The significant decreases in PDHa activities observed after starvation for 6 h were accompanied by decreased rates of lipogenesis. Hepatic and brown-fat PDHa activities after acute (30 min) exposure to exogenous insulin were less in 6 h-starved than in fed rats, but the absolute increases in PDHa activities over the 30 min exposure period were similar in fed and 6 h-starved rats. Increases in PDHa activities were paralleled by increases in lipid synthesis in both tissues. Re-activation of PDH in response to insulin treatment or chow re-feeding after 48 h starvation occurred more rapidly in brown adipose tissue than in liver. The results are discussed in relation to the importance of the activity of the PDH complex as a determinant of the total rate of lipogenesis during the fed-to-starved transition and after insulin challenge or re-feeding.
INTRODUCTION
In mammals, the principal sites of fatty acid synthesis are white and brown adipose tissue, liver and, during lactation, mammary gland. Rates of lipid synthesis in these lipogenic tissues vary with the nutritional status. Under certain conditions, such as the administration of high-carbohydrate or -lipid diets, meal-feeding or prolonged carbohydrate deficiency, changes in rates of lipid synthesis can be effected by long-term changes in the concentrations of enzymes in the pathway (reviewed by Block & Vance, 1977) . In the shorter term, rates of fatty acid synthesis may be influenced by hormones such as insulin. These effects are exerted through changes in the catalytic properties of key regulatory enzymes, which include pyruvate kinase, the pyruvate dehydrogenase complex (PDH) and acetyl-CoA carboxylase (reviewed by Denton & Brownsey, 1983) . For PDH, this involves interconversion between an active form (PDHa) and a phosphorylated form (PDHb), which is devoid of activity.
An increase in the circulating insulin concentration in the fed state stimulates lipid synthesis in all four lipogenic tissues (Volpe & Vagelos, 1976; McCormack & Denton, 1977; Agius & Williamson, 1980; Hardie, 1980; Munday & Williamson, 1981) . In contra ., whereas acute insulin deficiency (induced by shortterm treatment with streptozotocin or anti-insulin serum) leads to a 7-fold decrease in lipogenesis in lactating mammary gland (Robinson et al., 1978) and a 3-fold decrease in brown-adiposetissue lipogenesis (McCormack & Denton, 1977) , its effects on hepatic lipogenesis are much more modest or are not observed (see, e.g., Stansbie et al., 1976; Agius & Williamson, 1980) . These findings raise the possibility that rates of lipogenesis in different tissues may not change in parallel in response to insulin deficiency, which, in non-pathological circumstances, occurs between meals.
Decreases in rates of fatty acid synthesis elicited by the administration of anti-insulin serum in the fed state are accompanied by decreases in PDHa activity in brown adipose tissue (McCormack & Denton, 1977) . Furthermore, even in the liver a close relationship exists between increases in lipid synthesis and in PDHa activities during periods over which starvation-induced decreases in insulin concentrations are reversed, namely postprandially in meal-fed rats (Holness & Sugden, 1989b; Pallardo & Williamson, 1989) , and during the first few hours of re-feeding after prolonged starvation . We have recently defined the pattern of changes in hepatic PDHa activities during the fed-to-starved transition (Holness & Sugden, 1989a) , which is associated with progressive and sustained insulin deficiency (McGarry et al., 1973) . In the present study, we have extended this work to investigate the relationship between changes in hepatic PDHa activities and rates of hepatic lipogenesis during short-term starvation and after insulin challenge after short-term starvation. We have also compared the time course of PDH inactivation in liver with that in brown fat, a lipogenic tissue which, in view of its rapid and marked response to antiinsulin serum, might be expected to exhibit a more pronounced response than the liver to acute starvation. In addition, the relationship between PDHa activity and lipogenic rate in brown adipose tissue has been defined.
MATERIALS AND METHODS
Sources of materials were as specified starved for 48 h were provided with chow ad libitum. Rats were sampled at 0.5 h or 1 h after insulin injection, at 2 h after injection of dichloroacetate (DCA) or at the specified intervals after food removal or replacement. Samples of liver and brown fat were obtained from the same animal in each experiment.
For measurements of rates of lipid synthesis, 3H20 (5 mCi in 0.5 ml of 0.15 M-NaCl) was injected at 1 h before sampling (Agius & Williamson, 1980) . A blood sample was taken at the time of sampling for determination of plasma 3H20 specific radioactivity. Tissue lipid was saponified and extracted as described by Stansbie et al. (1976) . In both adipose tissue and liver, it has been estimated that 13-14 g-atoms of H is incorporated per mol of fatty acid synthesized. For the purpose of this paper, the total rate of lipid synthesis was calculated from the ,ug-atoms of 3H in tissue lipid by dividing by 13.2 (Windmueller & Spaeth, 1966 , 1967 see Hems et al., 1975) .
PDHa and citrate synthase activities were measured in tissue extracts as described by Caterson et al. (1982) . One unit of enzyme activity is that which converts 1 ,umol of substrate into product/min at 30 'C. PDHa activities are expressed on a wetweight basis. The efficiency of mitochondrial extraction was assessed by measurement of citrate synthase activities (see Caterson et al., 1982; Denyer et al., 1989) , and no significant variation was observed between the experimental groups (results not shown). Values for citrate synthase activities, expressed on a wet-weight basis, were similar to those obtained previously by Caterson et al. (1982) and Denyer et al. (1989) . Total PDH (PDHa + PDHb) activities were measured after incubation of tissue extracts with PDH phosphatase (Whitehouse et al., 1974) . Total PDH activities in liver and brown fat are unchanged by alterations in the nutritional status (Caterson et (Caterson et al., 1982; Denyer et al., 1989) and were unaffected by the duration of starvation (results not shown).
The decline in hepatic PDHa activity elicited by starvation is slow in onset, occurring only after the initiation of depletion of hepatic glycogen at 3-4 h after food removal (Holness & Sugden, 1989a) . This, in turn, is paralleled by a steady decline in glycaemia and plasma insulin concentrations (McGarry et al., 1973) . In the present experiments, a significant decrease in hepatic PDHB activity was observed at 4 h after food withdrawal (Fig. 1) . Stansbie et al. (1976) Tables I and 2 . Statistically significant effects of starvation were first observed at 4 h in liver (P < 0.01) and at 5 h in brown adipose tissue (P < 0.05).
Statistically significant effects of re-feeding were first observed at 1 h in brown adipose tissue (P < 0.01) and at 2.7 h in liver (P < 0.05).
Results are means+s.E.M. for 6-12 rats.
Despite quite distinct metabolic functions of liver and brown fat and selective inhibition of PDH8 activity by acute treatment with anti-insulin serum in brown fat (McCormack & Denton, 1977; Stansbie et al., 1976) , the time courses of the decreases in PDHa activities during the fed-to-starved transition in brown fat and liver were quite similar (Fig. 1) . A decline in PDH8 activity in brown adipose tissue was evident at 4-5 h after the initiation of starvation, at which time approx. 5 % of total PDH remained active (Fig. 1) . After 6 h of starvation brown-fat PDHa activity had decreased to 27 % of the fed value (Fig. 1) . Inactivation of brown-fat PDH was essentially complete after 48 h starvation (Fig. 1 ).
Hepatic and brown-fat PDH, activities after insulin treatment in the fed state Wieland et al. (1972) were the first to demonstrate that the administration of insulin to fed rats increases hepatic PDHa activity, a result that has been confirmed subsequently (French et al., 1988 PDHa activity (on a unit/wet wt. basis) has also been expressed in terms of C16-unit equivalents/h (column 4) to facilitate direct comparison with rates of lipid synthesis, measured in vivo by using 3H20. It has been assumed that 13.2 g-atoms of H are incorporated per mol of fatty acid synthesized (column 6) (see Windmueller & Spaeth, 1966 , 1967 . Values are means + S.E.M. for 6-10 rats. Statistically significant effects of starvation are shown by: $t$ P < 0.001. Statistically significant effects of insulin or DCA are given by: *** P < 0.001; ** P < 0.01; * P < 0.05. (Table 2) . By analogy with the incomplete re-activation observed after acute treatment with insulin, only partial PDH8 re-activation in brown fat was observed over the first I h after the initiation of chow re-feeding (Fig. 1) . Prolonged starvation therefore renders the PDH complex resistant to rapid re-activation in at least two lipogenic tissues (i.e. liver and brown fat). However, full reactivation of brown-fat PDH was observed if the re-feeding period was extended to 2-3 h (Fig. 1) , compared with a more sluggish response in liver ; Holness & Sugden, 1989b) .
Prolonged starvation induces stable increases in the activity of PDH kinase, which (in cultured hepatocytes) are only slowly reversed by exposure to an elevated insulin concentration (Marchington et al., 1987) . We demonstrate in the present experiments that a delayed response of hepatic PDHa to insulin administration is also observed in the intact animal ( Katz & McGarry, 1984) . Glucose itself is considered to be a major precursor for lipogenesis in brown fat (see McCormack, 1982) , whereas lactate or glycogen is thought more likely to serve as the lipogenic precursor in the liver (Hems et al., 1972 (Hems et al., , 1975 ; reviewed by Katz & McGarry, 1984) . In the fed state, the rate of hepatic lipogenesis bore a reasonable correlation with the measured activity of PDHa expressed on a wet-weight basis, bearing in mind that PDHa activity was measured at 30°C rather than 37°C (Table 1) (Table 2 ). The capacity for pyruvate decarboxylation to acetyl-CoA thus greatly exceeds the rate of glucose uptake and phosphorylation (and presumably glycolytic flux from exogenous glucose to pyruvate). In contrast, potential carbon flux via PDH to acetyl-CoA, when expressed in terms of C16 (palmitate) equivalents, compares well with the total rate of brown-fat lipogenesis (Table 2) .
It would appear that under basal (fed or immediately postabsorptive) conditions the rate of glucose uptake and phosphorylation rather than PDHa activity limits the use of glucose itself as a lipogenic precursor in brown fat. Indeed, the rate of glucose uptake and phosphorylation observed in the experiments of Ferre et al. (1986) could supply only approx. 5 % of the carbon required for lipid synthesis. However, since the rate of lipogenesis approximates to the potential for production of precursor (acetyl-CoA) from pyruvate via PDH (Table 2) , it is attractive to suggest that use of glucose itself as a lipogenic precursor may be supplemented by the use of circulating lactate/ pyruvate. Lipogenesis in both liver and brown fat in the fed state may thus be viewed as a mechanism to scavenge surplus C3
derivatives of glucose of exogenous origin for biosynthetic purposes.
Hepatic and brown-fat lipogenesis in relation to PDH, activities during the fed-to-starved transition The decline in hepatic and brown-fat PDHa activities observed after 6 h of starvation was in both cases accompanied by significantly decreased rates of lipid synthesis (Table 1) . A 55 % decrease in the rate of lipid synthesis was observed in the liver. This approximates to the decline in hepatic lipogenesis which has been observed in response to 6 h starvation in lactating rates (Gibbons et al., 1983; reviewed by Williamson et at., 1983) and closely correlates with the 69 % decrease in hepatic PDHa activity (Table 1) . Starvation for a more prolonged period (48 h) further decreased rates of hepatic lipogenesis, to approx. 33 % of the fed value (Table 1) . In brown fat, the 72 % decline in PDHa observed after acute (6 h) starvation was accompanied by a 64 % decrease in brown-fat lipogenesis (Table 2 ).
It is remarkable that, of the 670% decline in hepatic lipid synthesis observed after 48 h starvation, 83 % of the total response is achieved within the first 6 h of the onset of starvation (Table 1) . Indeed, in brown fat, rates of lipogenesis after 6 h starvation were not significantly different from those observed after 48 h starvation (Table 2 ), when lipogenic rates may be sustained by increased use of non-carbohydrate precursors, which may include ketone bodies (Agius & Williamson, 1981) or acetate (Steiner & Cahill, 1966; Sugden et al., 1982) .
Hepatic and brown-fat lipogenesis in relation to PDH activities after insulin treatment in the fed state
The rate of brown-fat lipogenesis increases by approx. 18 ,umol of fatty acid/h per g after acute insulin treatment (Table 2 ). This increase approximates to the increase in the capacity for conversion of pyruvate into acetyl-CoA via PDH (approx. 15 ,umol of C16 equivalents/h per g wet wt.; Table 2 ). The increases in rates of hepatic lipid synthesis observed in response to insulin administration in the fed state also closely paralleled increases in hepatic PDHa activities (Table 1) . Consequently, increases in lipogenesis in both liver and brown fat after insulin treatment in the fed state can be accommodated by the increased potential for conversion of pyruvate into acetyl-CoA via PDH.
Insulin treatment of 2 h-starved rats elicits a 60-fold increase in the rate of brown-adipose-tissue glucose uptake and phosphorylation (Ferre et al., 1986 ) to a value of 2000-3000 nmol/min per g of tissue. Theoretically, this would permit a maximum rate of pyruvate production from glucose of 6000 nmol/min per g. This is comparable with or exceeds the capacity for conversion of pyruvate into acetyl-CoA via PDH (see Table 2 ). Thus glucose uptake and phosphorylation do not necessarily limit the use of glucose itself as a lipogenic precursor after an elevation in the circulating insulin concentration from the basal (fed) value. The possibility is raised that insulinstimulated brown adipose tissue may produce significant amounts of lactate, and may thereby play an important role in the Con cycle.
Hepatic and brown-fat lipogenesis in relation to PDH activities after insulin treatment during the fed-to-starved transition The administration of insulin to 6 h-starved rats elicits a 100 % increase in hepatic lipogenesis (Table 1) Sugden et al., 1981 Sugden et al., , 1982 .
Marked increases in brown-fat lipogenesis are observed in response to insulin administration after acute (6 h) starvation (Table 2 ) and also after prolonged (48 h) starvation (Table 2 ; see also Sugden et al., 1982) . The starvation). However, it has been excluded previously that the decline in hepatic PDHa activity observed after acute (6 h) starvation is secondary solely to an increased fatty acid supply, since inhibition of mitochondrial long-chain fatty acid oxidation does not reverse the effect (Holness & Sugden, 1989a) .
Concluding remarks
There are several novel findings from this study. First, the major decline in lipid synthesis which is elicited by starvation is observed within 6 h in two lipogenic tissues (liver and brown fat). Decreased lipid synthesis occurs concomitantly with a decline in PDHa activity in both tissues. Secondly, restoration of lipid synthesis by the administration of insulin can be achieved rapidly after 6 h starvation in both liver and brown fat: increased lipid synthesis is in both cases associated with PDH re-activation. The acute regulation of lipid synthesis during the initial period of the fed-to-starved transition may thus be achieved via alterations in the use of pyruvate via PDH. Thirdly, prolonged (48 h) starvation renders the PDH complex resistant to rapid and complete reactivation by insulin administration or re-feeding in both liver and brown fat. The more pronounced effect is observed in liver, which also shows a more attenuated initial lipogenic response. The results demonstrate the sensitivity of PDH and lipogenesis to acute starvation in liver and brown fat, and indicate the potential importance of the activity of the PDH complex in determining the rate of lipid synthesis during the fed-to-starved and starved-to-fed nutritional transitions in two tissues known to be quantitatively important sites of lipid synthesis. This work was supported by the U.K. Medical Research Council.
